Our aim was to investigate the safety and efficacy of intravenous allogeneic human mesenchymal stem cells (hMSCs) in patients with myocardial infarction (MI).
tion fraction (2) (3) (4) and other clinical markers (3, 5, 6 ). The use of BMCs is limited, however, by the need to obtain a bone marrow aspirate from each individual patient, and may be further complicated by host factor variability in the quality and ability of the BMCs to achieve the desired effects (7) .
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Pre-cultured bone marrowderived human mesenchymal stem cells (hMSCs) represent an alternative approach to cardiovascular cell therapy that has a number of advantages when compared with autologous BMCs (8) . First, MSCs can be infused intravenously post-MI due to their ability to home to areas of injury within the myocardium, stimulated, at least in part, by the SDF-1/CXCL12 axis (9, 10) . Second, they may be used as an allogeneic graft as they lack various major histocompatibility complex and costimulatory cell-surface antigens, and secrete anti-inflammatory cytokines. Finally, they represent an enriched population of cells with therapeutic properties, as demonstrated in pre-clinical studies (8) . While the use of these cells is highly promising and supported by pre-clinical studies, there are also safety concerns regarding their application, including concerns regarding tumor (11) , ectopic tissue formation (12) , and organ toxicity resulting from unwanted lodgment in the microvasculature (13) .
To address these concerns, and to establish a basis for future efficacy trials, we performed a double-blind, placebocontrolled, dose-ranging study of allogeneic adult bone marrow-derived hMSCs in patients after an acute MI. The purpose of this trial was to assess the safety profile of allogeneic hMSCs administered intravenously to patients after acute MI.
Methods
Trial design. This study was a phase I randomized, double-blind, placebo-controlled, dose-escalation, multicenter trial to evaluate the safety of allogeneic bone marrowderived hMSC administration for patients experiencing a first acute MI. A total of 53 patients enrolled at 10 participating study centers completed the trial through the 6-month time point, with safety and exploratory efficacy end points evaluated at 1-, 2-, 3-, and 6-month follow-up visits. The trial was conducted in compliance with current Good Clinical Practice standards and in accordance with the principles set forth under the Declaration of Helsinki (1989) . Institutional review board approvals of the treatment protocol were obtained at all centers before the initiation of patient enrollment. All patients entering the trial agreed to and signed an institutional review boardapproved statement of informed consent. Composition of active investigational agent and placebo suspension. The active investigational agent was hMSCs isolated from bone marrow aspirates obtained from a single unrelated donor who was not human-leukocyte-antigenmatched to recipients. The hMSCs in Prochymal (Osiris Therapeutics, Inc., Baltimore, Maryland) were manufactured in a manner consistent with International Conference on Harmonization and Food and Drug Administration regulatory guidelines. The donor was tested according to the Food and Drug Administration Donor Suitability Guidance before donation. The phenotype of the hMSC population was characterized by a cell-surface profile of CD105 ϩ , CD166 ϩ , and CD45
Ϫ . The infused Prochymal formulation consists of 2.5 ϫ 10 6 hMSCs/ml, 1.9% human serum albumin, and 3.8% dimethyl sulfoxide in PlasmaLyte A (Baxter, Deerfield, Illinois). Patients assigned to placebo groups received a solution of 1.9% human serum albumin with 3.8% dimethyl sulfoxide in PlasmaLyte A. Release testing of the cells included measurement of cell-surface markers CD105 and CD166, absence of CD45, testing for mycoplasma, sterility, endotoxin, identity, purity, and viability and karyotyping to exclude chromosomal abnormalities. The final viability was at least 70% viable MSCs, as determined by Trypan blue (generic) testing. During the course of this cardiac study, the hMSC preparation under evaluation was referred to as "Provacel," which is the same investigational agent as Prochymal, a highly purified preparation of ex vivo cultured adult hMSCs. Treatment groups and infusion parameters. All patients received a single intravenous infusion of Prochymal or placebo suspension delivered at a rate of 2 ml/min. The safety and tolerability of Prochymal infusion were evaluated in 3 placebo-controlled dose escalation cohorts of 0.5, 1.6, and 5.0 ϫ 10 6 hMSCs/kg body weight. Subjects were randomly assigned in a double-blind fashion to each cohort in a 2:1 ratio of Prochymal to placebo. Intravenous tubing was coated with an opaque wrap so as to obscure any identifying features of the infusion. All patients in each of the cohorts met identical inclusion and exclusion criteria. The cohorts were enrolled sequentially. Advancement to the next dose cohort was contingent on an unblinded review of safety data accumulated to that date by an independent Data Safety and Monitoring Board. Patient population. To be eligible for trial entry, patients must have had a first MI (either ST-segment elevation or non-ST-segment elevation) 1 to 10 days before randomization. All patients were required to have a patent infarctrelated artery on coronary angiography at the time of randomization. Angiographic measures included epicardial blood flow and myocardial perfusion, as assessed by Thrombolysis In Myocardial Infarction (TIMI) flow grade (14) and TIMI myocardial perfusion grade (15) , respectively.
The index MI for all patients enrolled met the following criteria: 1) elevation of Ͼ2ϫ upper limit of normal of creatine kinase-MB or troponin; 2) presence of regional wall All patients were hemodynamically stable before randomization, defined as the absence over a 24-h period of: 1) the need for parenteral inotropic support; 2) systolic blood pressure Ͻ80 mm Hg for longer than 1 h; and 3) resting heart rate Ͼ100 beats/min for longer than 1 h. Adequate pulmonary function to meet entry criteria was defined as a forced expiratory volume in 1 s (FEV1) Ͼ50% predicted and peripheral artery oxygen saturation Ն97%. At enrollment, all patients had Karnofsky performance status scores of Ն60.
Patients were not enrolled in the trial if revascularization via coronary artery bypass surgery was required or if the physician anticipated further coronary revascularization procedures during the 6-month study period. Patients with clinically significant primary valvular heart disease or evidence of life-threatening arrhythmia on baseline electrocardiogram (ECG) were also excluded. Patient enrollment and randomization. Patients were enrolled by study investigators. Randomization, stratified by dose cohort, was conducted in a centralized manner and communicated to cellular therapy laboratory personnel. Subjects were randomly assigned to either Prochymal or placebo in a 2:1 ratio within each cohort. Manual randomization was performed using sealed envelopes. Assessments. Physicians and other clinical personnel remained blinded to treatment assignment for all patients throughout the study period. Primary safety assessments included monitoring and recording of all adverse events (AEs) and serious AEs. Safety laboratory and urine values, regular vital sign measurements, and physical examination results were recorded as well. Peripheral artery blood oxygen saturation during Prochymal infusion was monitored by pulse oximetry. To follow the occurrence of post-infusion arrhythmias, 12-lead ECGs, 24-h ambulatory ECG recording, and telemetry monitoring were performed. Telemetry was performed continuously in the 4 days after the procedure, and patients received 24-h ambulatory monitoring at the 1-, 2-, 3-, and 6-month follow-up visits. Nonsustained ventricular tachycardia (VT) was defined as 3 consecutive beats at a rate of Ͼ100 beats/min. Contrast-enhanced computed tomography scans of the chest, abdomen, and pelvis were utilized to identify any evidence of ectopic tissue formation.
A 16-segment echocardiography was performed to assess LVEF. Multiple views were recorded, including the subcostal, parasternal long-and short-axis, and apical 2-and 4-chamber views. Parasternal short-axis views were recorded at the basal (mitral valve level), mid (papillary muscle level), and apical positions. Subject angulation and transducer position were recorded for serial examinations. Contrast administration was used for enhancement of the endocardial border. End-diastolic wall thickness was measured from the parasternal long-and short-axis views. Wall motion analysis was performed using the 16-segment model proposed by the American Society of Echocardiography (16) . Each wall segment was scored using a visual grading system (1 ϭ normal, 2 ϭ hypokinetic, 3 ϭ akinetic, 4 ϭ dyskinetic, and 5 ϭ aneurysmal). The wall motion score index, defined as the average wall motion score for all segments divided by the number of segments analyzable, was determined for each reading. The percentage of wall motion abnormalities was obtained by dividing the number of akinetic, dyskinetic, and aneurysmal segments by the total number of segments evaluated. Left ventricular volumes were determined at end-diastole and -systole. Endocardial borders were manually traced from apical 4-and 2-chamber views, and the volumes obtained were used to calculate LVEF using the biplane summation-of-disks method recommended by the American Society of Echocardiography (16) .
A cardiac magnetic resonance imaging (MRI) substudy was performed in a subset of patients. MRI was carried out before hMSC or placebo infusion, after primary coronary intervention, and during the 3-and 6-month follow-up visits. An additional 12-month cardiac MRI was obtained and is also reported here. Baseline MRI scans were limited to nonstress evaluations. MRI scans were evaluated offline at an imaging core (the Netherlands). LVEF was measured according to the validated National Heart, Lung, and Blood Institute-Laboratory of Cardiac Energetics laboratory standard (17), using contiguous short-axis slices obtained by cine MRI. End-diastolic and -systolic endocardial traces were used to determine end-systolic and -diastolic left ventricular volumes and total ejection fraction.
To assess pulmonary function, spirometry tests were performed throughout the 6-month period after treatment. These evaluations were carried out according to American Thoracic Society guidelines (18) . Predicted values for FEV1 were calculated using published formulae (19) .
A 6-min walk test was performed at randomization and during follow-up visits. The procedure for the 6-min walk test followed the American Thoracic Society guidelines (20) . Distance walked in 6 min along a 30-m (100-ft) hallway was recorded.
A global assessment of overall patient health was determined by the investigator from subject interviews at day 10 and during the 6-month period after treatment. Global status of the subject was evaluated relative to pre-treatment using the following categorical ratings: improved, unchanged, and worsened. Data collection. All data were recorded on case report forms and verified by comparison with source documentation by third-party medical monitors. Incidence summaries are reported as subject counts and percent of treatment group. Safety assessments based on the frequency of AEs and on clinically significant abnormal laboratory values were performed. AEs are summarized as the number and percentage of subjects experiencing an AE within each treatment group. Statistical analysis. Summaries of continuous measures are presented as the mean and SD. Proportional analyses were used to identify differences in premature ventricular contraction (PVC) incidence and global assessment. Statistical significance in proportional differences (Tables 1 and 2 ) was analyzed using the Fisher exact test (2-tailed). Where indicated, measures of clinical efficacy are reported as the percent change from baseline evaluation. Echocardiographic and 6-min walk data are presented with means and 95% confidence intervals. Comparisons of changes from baseline conditions were analyzed using the Student t test (2-tailed, paired). Statistical differences in averaged group results were compared by Student t test (2-tailed, homoscedastic) with the Bonferroni correction. Where multiple comparisons were performed, analysis of variance (ANOVA) with repeated measures and Student-Newman-Keuls post-hoc testing was employed for within-group analysis and between-group (treatment vs. placebo) comparisons used 3-way ANOVA with terms for group and a group ϫ time interaction term. Where appropriate, post-hoc analysis with the Bonferroni correction was applied. Testing was performed at a 95% significance level.
Results
Patients. Demographic and baseline patient data are listed in Table 1 and Figure 1 and demonstrate similar distributions of age, sex, race, and body mass index; prevalences of obesity, diabetes, smoking, and hypertension; and time post-MI to infusion in the patient groups. Baseline LVEF, TIMI risk score, and FEV1 were also similar at trial entry for those patients assigned to active therapy or placebo infusion. AEs. Over the course of the study, 313 AEs were recorded ( Table 2 ). There was no trend within any AE class that indicated a propensity toward an increased incidence in the cell-treated group. No significant trends in AE incidence or in efficacy results were identified among the different dosing cohorts. Accordingly, safety and efficacy data for all 3 hMSC dose cohorts and all placebo cohorts are combined in this report. There was no evidence of increased toxicity with the administration of hMSCs compared with placebo, and administration was well tolerated at all cell dose levels. There were no deaths during the study, and no subjects discontinued from study treatment because of an AE. In addition, no AEs were considered to have a probable relation to study treatment.
There was no evidence of an increased incidence of ectopic tissue growth determined using whole body computed tomography scanning. In a few cases (2 in the cell-treated and 1 in the placebo group), evidence of pre-existing ectopic tissue masses present at baseline were noted by the investigator.
AE rates in hMSC-treated patients were not greater than in placebo-treated patients (5.3 vs. 7.0 AEs per patient, respectively) ( Table 2) . Furthermore, the serious AE rate was 23.5% (n ϭ 9 events in 8 subjects) in the hMSC group and 31.6% (n ϭ 7 events in 6 subjects) in the placebo group. A similar nonstatistical trend was observed with regard to hospitalization rates (Table 2) , which was 31.6% at an average of 66 days after discharge in the placebo group versus 23.5% at an average of 120 days after discharge in the hMSC group. Arrhythmias. Specific safety monitoring of arrhythmias during the course of the trial revealed improved outcomes in the hMSC-treated group compared with the placebo group. All patients enrolled in the trial underwent ambulatory monitoring to detect the occurrence of any cardiac arrhythmias. The arrhythmia event rate in the patients who received hMSCs was 4-fold lower than that in the patients Patient Demographics and Primary Baseline Data Values are presented as n, n (%), or mean (SD). BMI ϭ body mass index; CK-MB ϭ creatine kinase-MB; FEV1 ϭ forced expiratory volume in 1 s; hMSC ϭ human mesenchymal stem cell; LAD ϭ left anterior descending coronary artery; LVEF ϭ left ventricular ejection fraction; RCA ϭ right coronary artery; TIMI ϭ Thrombolysis In Myocardial Infarction.
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who received placebo (8.8% vs. 36.8%, p ϭ 0.025, Fisher exact test) ( Table 2) . Consistent with findings related to arrhythmic events in general, similar results were observed with regard to the frequency of VT and number of PVCs recorded for hMSCversus placebo-treated patients. Only a single patient (2.9%) in the hMSC-treated group, versus 6 episodes in 5 patients (26.3%) in the placebo group, experienced VT (p ϭ 0.018). Subjects treated with hMSCs also had fewer PVCs at all time points after day 10 (Fig. 2) . The percentage of patients who experienced more than 10 PVCs per hour for all time points in the trial was also significantly less in those patients who received hMSCs as compared with those who received placebo (10% vs. 24%, p ϭ 0.001). This difference was most pronounced at 1 (6% vs. 32%, p ϭ 0.040) and 2 months (9% vs. 38%, p ϭ 0.043) after MI. Echocardiographic data. Echocardiography revealed improvements in LVEF in hMSC-treated patients (Table 3) . Baseline LVEF was similar between patient groups (50.4% in Provacel-treated patients, n ϭ 34, and 48.7% in placebotreated patients, n ϭ 19; p ϭ 0.561). Overall, patients treated with hMSCs experienced a 5.9 Ϯ 1.8% increase in LVEF at 3 months (p ϭ 0.003 vs. baseline, n ϭ 33) compared with a 4.4 Ϯ 1.8% increase in the placebo group Values are presented as n or n (%). AE ϭ adverse event; hMSC ϭ human mesenchymal stem cell.
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Allogeneic hMSC Safety and Efficacy in AMI (p ϭ 0.021 vs. baseline, n ϭ 19). This effect was maintained through 6 months, at which time LVEF was increased by 6.7 Ϯ 2.2% over baseline in hMSC-treated patients (p ϭ 0.004 vs. baseline, n ϭ 30). The 6-month echocardiographic ejection fraction was not different between placeboand cell-treated patients (Table 3) . When only patients with anterior wall MIs were examined, the impact of cell therapy relative to placebo was more pronounced (Fig. 3 ): patients treated with hMSCs had a 7.0 Ϯ 3.5% point improvement in LVEF at 3 months (p ϭ 0.056 vs. baseline, n ϭ 14) and a 7.3 Ϯ 3.4% increase at 6 months relative to baseline (p ϭ 0.044, n ϭ 12). In contrast, increases in ejection fraction in the placebo group, 2.9 Ϯ 2.5% at 3 months and 3.4 Ϯ 3.4% at 6 months, were not statistically significant (p ϭ NS for both time points; n ϭ 9 at 3 months, n ϭ 8 at 6 months).
There were no significant differences between hMSCand placebo-treated patients with regard to measures of wall thickness, wall motion score index, and percentage of wall motion abnormalities at baseline. Over the follow-up period, evidence of prevention of wall thinning and reduction in percentage of wall motion abnormalities was observed in hMSC-treated patients (data not shown). MRI substudy. Cardiac MRI was performed in a subgroup of patients (n ϭ 20 hMSC and n ϭ 14 placebo). Baseline LVEF was similar in hMSC and placebo patients (47.3 Ϯ 3.3% and 45.2 Ϯ 3.4%, respectively). MRI evaluation revealed a progressive increase in LVEF relative to baseline at 3 and 6 months in hMSC-but not in placebo-treated patients (Table 4 , Fig. 4) . Moreover, this difference continued through the 12-month follow-up evaluation, at which time LVEF had increased by 5.2 Ϯ 1.9% (p ϭ 0.003, by repeated measure ANOVA). LVEF in the placebo-treated patients did not increase, and the difference in change between groups was not significant. MRI also allows precise measurement of left ventricular chamber volumes: when plotted relative to ejection fraction, hMSC patients exhibited evidence of reverse remodeling with no increase in left ventricular end-diastolic volume and a decline in left ventricular end-systolic volume, whereas placebo patients demonstrated evidence of left ventricular chamber enlargement (Table 4 , Figs. 5A and 5B). The changes in ejection fraction and end-systolic volume did not correlate with baseline end-systolic volume (r Ͻ 0.316, p ϭ 0.10). Pulmonary function. Pulmonary function tests were performed to monitor subjects for potential adverse changes related to study treatment. Figure 6 shows the average change in FEV1 percent predicted in trial subjects over time. Compared with patients receiving placebo, those treated with hMSCs showed a greater increase in percent predicted FEV1, relative to baseline values, from 3 days through the 6 months post-infusion. At 10 days, this difference in the increase in percent predicted FEV1 observed for hMSC versus placebo patients was statistically significant (p ϭ 0.01, Bonferroni). 
Ejection Fraction and 6-Min Walk Test
Furthermore, the 16% improvement in hMSC-treated patients at 6 months post-infusion was statistically significant when compared with the baseline values (p ϭ 0.003, by repeated measure ANOVA). 6-min walk. Six-min walk data are presented in Table 3 . As indicated, walk duration did not differ between the 2 groups. Global assessment. The overall health of study subjects was followed by investigators during the course of the trial for signs of improvement or deterioration. In this global assessment of patient health, hMSC-treated patients received higher scores than did patients in the placebo group at all time points analyzed (Fig. 7) . Significantly more patients in the hMSC group were judged to have improved overall condition at 6 months as compared with those receiving placebo (42% vs. 11%, p ϭ 0.027, Fisher exact test). While the proportion of hMSC-treated patients reported by their physicians as improved remained consistently high throughout the study, the proportion of patients in the placebo group that were judged improved steadily decreased, from 47% at 10 days to 11% at 6 months (p ϭ 0.016, Fisher exact test). Dose-response. When analyzed for dose-dependent effects, the parameter that exhibited clear dose-responsiveness was PVC count, which did not differ between the placebo and low-dose cell groups, but was evident in the mid-and high-dose groups. All other parameters examined did not exhibit dose-responsiveness.
Discussion
This double-blind, placebo-controlled, randomized, doseranging phase I study reports on the first use of allogeneic bone Human mesenchymal stem cells (hMSCs) ϭ green line (n ϭ 21 at 3 months, n ϭ 18 at 6 and 12 months); placebo ϭ red line (n ϭ 13 at 3 months, n ϭ 11 at 6 and 12 months). *p ϭ 0.003 by repeated measure analysis of variance; †p ϭ 0.005 versus baseline. Abbreviations as in Figure 3 .
Figure 5 Impact of hMSC Treatment on LV Remodeling
Changes in left ventricular (LV) ejection fraction (EF) are plotted against the changes in LV end-systolic volume (ESV) (A) and end-diastolic volume (EDV) (B) during follow-up. Human mesenchymal stem cell (hMSC) patients (n ϭ 21 at 3 months, n ϭ 18 at 6 and 12 months) exhibit evidence of reverse remodeling with no increase in LV EDV and a decline in LV ESV, whereas placebo patients (n ϭ 13 at 3 months, n ϭ 11 at 6 and 12 months) demonstrate evidence of LV chamber enlargement. *p ϭ 0.005 versus baseline.
MRI Findings at Baseline and Absolute Changes at 3, 6, and 12 Months (Mean ؎ SEM) marrow-derived hMSCs for the treatment of patients after acute MI. The study met its primary objective demonstrating safety of intravenous infusion of allogeneic hMSCs during the infusion and during short-and longer-term follow-up. In addition, the results of this study provide provocative, preliminary indications that this therapy has clinical efficacy. In 4 specific areas of pre-specified safety monitoringcardiac arrhythmias, pulmonary function, cardiac performance, and patient global symptomatic status-the treated patients exhibited significantly improved outcomes relative to the placebo group, consistent with a therapeutic benefit. The present results advance the growing field of cell-based therapies for adult organ injury. Supported by findings in animal models, a number of clinical trials have been conducted using autologous BMCs administered by intracoronary infusion to patients after MI (3, 6, 21) . While a full consensus is lacking (22) , the totality of findings from these clinical trials supports the hypothesis that BMC infusion yields a small but significant increase in ejection fraction (2) . Importantly, the REPAIR-AMI (Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute Myocardial Infarction) study also suggests that this therapeutic approach has clinical benefits, including a reduction in the composite of mortality, revascularization, and heart failure hospitalizations (3) .
There are significant limitations to the development of BMCs as a therapy for patients with cardiac disease. First, the active cellular constituent of bone marrow that is the agent of repair is not well characterized. Second, it is widely estimated that therapeutically active bone marrow constituents likely represent only 1 in 10,000 bone marrow cells (9) . Third, obtaining bone marrow requires an invasive procedure, and fourth, concerns exist that patients most likely to be affected by coronary atherosclerosis are also the most likely to have impaired bone marrow function (7).
The use of allogeneic hMSCs has a number of important advantages. They likely represent an enriched population of cells with therapeutic capacity. They are readily prepared from healthy donors and may be used as an allogeneic, and thus "off-the-shelf" agent. They are easy to administer, as evidenced by the intravenous approach used in this study. Finally, and most compelling, there are a wealth of preclinical data in rodent (23) and larger animal (24 -29) models supporting their efficacy in cardiac repair.
This study assessed ejection fraction and left ventricular chamber volumes in hMSC-treated and placebo patients using echocardiography and, in a substudy, cardiac MRI. In the entire study group, ejection fraction increased at 3 months after therapy and remained elevated at 6 months. A similar increase was observed in the BOOST (Bone Marrow Transfer to Enhance ST-Elevation Infarct Regeneration) study, albeit at longer follow-up periods. In addition, the BOOST study also revealed a catch-up phenomenon similar to that observed in our echocardiographic study, in which ejection fraction in the placebo group eventually reaches the level seen in the cell-treated group (21) . In the important subgroup of anterior MI patients, the increase in ejection fraction in the treated group was more evident relative to the placebo patients. Importantly, these data are provisional, but do suggest that future studies should focus attention on patients with larger infarctions.
When we used the more sensitive cardiac MRI technique in a subset of patients, only treated patients showed a significant increase in LVEF, which was sustained throughout 12 months of follow-up. In addition, cardiac MRI suggested that hMSCtreated patients exhibit evidence of favorable, reverse remodeling in contrast to placebo patients who exhibited progressive chamber enlargement. These differences were not significant, possibly due to the low number of test subjects, but the findings support a direct cardiac effect of intravenous hMSCs, with additional experimental work required to substantiate this (11, 30) . To address this issue, the cells administered in this study were scrutinized for normal karyotype and were prepared with 5 passages. Extensive pre-clinical testing was performed, which failed to reveal tumor formation in cell-treated animals. Importantly, this study specifically incorporated chest, abdomen, and pelvic computed tomography scanning, and, during the study period, no evidence of ectopic tissue formation was observed. All patients in this study are also undergoing an additional 18 months of follow-up, 24 months total. Pre-clinical studies indicate that a large proportion of infused cells initially distribute to the lungs after administration (31), raising potential concerns regarding compromised pulmonary function. The results of this study showed no evidence of a pulmonary safety risk after infusion of hMSCs. Instead, the data presented here reveal improved pulmonary function in the hMSC-treated patients, compared with baseline status. The timing of improvement in lung function, beginning shortly after administration, suggests a locally active beneficial hMSC-mediated effect on pulmonary airways.
This study extends the use of allogeneic hMSC therapy to patients with recent acute MI and is the first report of the use of these cells in that setting. Systemic delivery of allogeneic hMSCs has been evaluated previously and is currently being studied in patients with graft versus host disease (32) , osteogenic imperfecta (33) , and glycogen storage diseases (34) .
While the present results provide reassurance regarding the safety of allogeneic hMSCs for cardiac disease, significant work is required to understand the mechanism of action of this approach. hMSCs are reported to differentiate into cardiac myocytes in vitro and, as such, may contribute to replacing lost myocytes after MI (35) . hMSCs may also contribute to cardiac repair after MI through the release of locally acting factors (36) , which could inhibit infarct scar expansion and stimulate vasculogenesis, cardiogenesis, and the recruitment of additional cells to the injured area. Additionally, hMSCs have the potential to stimulate endogenous healing by recreating cardiac stem cell niches (35, 37, 38) . Work is underway to further delineate the mechanism of action of hMSC therapy after cardiac injury.
This study offers some potential clinical insights. As the primary goal of the study, potential safety concerns are alleviated by the present findings. Importantly, the intravenous infusion did not compromise, but appeared to improve lung function, and ectopic tissue formation did not occur. Finally, this work forms the basis for future clinical trials and mechanistic studies aimed at establishing the therapeutic possibility of infusing hMSCs post-acute MI to improve left ventricular function and reduce infarct-related injury. Should this effect be established, morbidity and/or mortality would be favorably impacted.
As this study was a clinical trial, we were unable to label the cells so as to ascertain the extent to which they trafficked to the heart. Some pre-clinical studies suggest that the level of cell retention in the heart after intravenous infusion is very low (24) . There are also data that suggest recently infarcted tissue releases injury signals that facilitate the trafficking of cells to the damaged area (8) . To the extent that minimal cells traffic to the heart, paracrine factors released from the cells may be pivotal in their mechanism of action (36, 39) . Future experimental work will be required to resolve the mechanistic issues surrounding the use of MSCs and, in particular, the role played by cell delivery route and cell retention within the heart.
Conclusions
This study was conducted to assess the safety of hMSCs after MI, and utilized a rigorous double-blind, placebo-controlled, dose-ranging study design. Importantly, the study met its primary objective and demonstrated safety both with regard to acute infusions of hMSCs as well as long-term absence of ectopic tissue formation. Specific safety monitoring indicated that cell-treated patients, in fact, had improved outcomes with regard to cardiac arrhythmias, pulmonary function, left ventricular function, and symptomatic global assessment. These findings support the conduct of more extensive studies assessing the value of allogeneic hMSCs for the treatment of cardiovascular disorders.
